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FORMATION OF LARGE REGULAR SATELLITES OF GIANT PLANETS IN AN EXTENDED GASEOUS NEBULA

II: SATELLITE MIGRATION AND SURVIVAL. I. Mosqueira, NASA Ames Research Center/SETI, Moffett Field CA 94035,

USA (mosqueir@coxmic.arc.nasa.gov), P R. Estrada, Cornell Unit,ersity, Ithaca CA 14853, USA, (estrada@astro.cornell.edu).

Using an optically thick inner disk and an extended,

optically thin outer disk as described in Mosqueira and

Estrada (2002), we compute the torque as a function of po-

sition in the subnebula, and show that although the torque

exerted on the satellite is generally negative, which leads

to inward migration as expected (Ward 1997), there are

regions of the disk where the torque is positive. For our

model these regions of positive torque correspond roughly

to the locations of Callisto and lapetus. Though the outer

location of zero torque depends on the (unknown) size of

the transition region between the inner and outer disks, the

result that Saturn's is found much farther out (at _ 3r_s,

where r s is Saturn's centrifugal radius) than Jupiter's (at

2r_, where r_ is Jupiter's centrifugal radius) is mostly

due to Saturn's less massive outer disk, and larger Hill
radius.

For a satellite to survive in the disk the timescale of

satellite migration must be longer than the timescale for

gas dissipation. For large satellites (.-. 1000 km) migration

is dominated by the gas torque. We consider the possi-
bility that the feedback reaction of the gas disk caused

by the redistribution of gas surface density around satel-

lites with masses larger than the inertial mass (Ward 1997)

causes a large drop in the drift velocity of such objects, thus

improving the likelihood that they will be left stranded fol-

lowing gas dissipation. We adapt the inviscid inertial mass

criterion to include gas drag, and m-dependent non-local

deposition of angular momentum.

We find that such a model holds promise of explaining
the survival of satellites in the subnebula, the mass versus

distance relationship apparent in the Saturnian and Ura-
nian satellite systems, and the observation that the satellites

of Jupiter get rockier closer to the planet whereas those of

Saturn become increasingly icy. It is also possible that close

to the planet micron-sized dust production keeps the gas

disk optically thick, leading to weak gas turbulence that re-

moves gas on the same timescale as the orbital decay time

of midsized (200 - 700 km) regular satellites located inside

the centrifugal radius of the primary. Either way, we ar-

gue that Saturn's satellite system bridges the gap between

those of Jupiter and Uranus by combining the formation

of a Galilean size satellite in an optically thick subnebula

with a strong temperature gradient, and the formation of

smaller satellites, close to the planet, in a cool gas disk with

optical depth _ 1, and a weak temperature gradient. Our

model also provides an explanation for the presence of reg-

ular satellites outside the centrifugal radii of Jupiter and
Saturn, and the absence of such a satellite for Uranus.
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Figure 1: A comparison of the three giant planet satellite

systems under consideration in this study. Here we plot the

known densities of the satellites as a function of distance

from the planet in units of their respective primary's Hill

radius. The centrifugal radius _ RA,/48 is denoted by a

bold dashed line. The dotted line at roughly ,-_ RH/IO0

corresponds to the innermost portion of the disk.

1 Introduction

As discussed in Mosqueira and Estrada (2002, submitted to

Icarus, hereafter Paper i), considering gas opacity only, our

subnebula model has an optically thick inner disk inside the

centrifugal radius, and an optically thin outer disk. In Paper I

we adopted a turbulence model along the lines of the scenario

envisioned by Klahr and Bodenheimer (2001, in press). Such

a model leads to turbulence that is a function of position and

time. In particular, nearly isothermal regions of the disk would

be largely quiescent and laminar. Because the inner disk is

expected to be non-isothermal both radially and vertically, this

region of the disk should remain weakly turbulent and viscous

at least as long as it remains optically thick.

Nevertheless, gas is not easy to get rid of. As stated, a

constant viscosity model may not apply. In Paper I we argued

that dust opacity is unlikely to be sufficient to keep the gas disk

optically thick (although the possibility cannot be ruled out).

At least for low optical depth isothermal disks a quiescent gas

disk is more plausible. Such a disk would be characterized by

weak viscosity and very long evolution times. As a result, it
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isunclearhowonecanremovethisgasinashorttimescale.
Furthermore,recentworksuggeststhattheprocessof gap
openingdoesnotcompletelyshut-offtheaccretionofgasonto
theplanet(Lubowet al. 1999). if so, one would expect gas

in the subnebula for as long as there was gas in the nebula

itself, _ 10": years, when it is expected to dissipate due to

photodissociation and solar wind.

TABLE 1

Satellite Data a

Distance Radius Density Mass

(Rp) (kin) (g cm -3) (1026 g)

Jupiter 1.0 71492 1.326 18980

Io 5.905 1,821 3.53 0.894

Europa 9.937 1,565 2.97 0.480

Ganymede 14.99 2,634 1.94 1.4823

Callisto 26.37 2,403 1.85 1.0776

Saturn 1.0 60330 0.687 5684.6

Mimas 3.075 199 1.12 0.00037

Eneeladus 3.945 249 1.00 0.00065

Tet hys 4.884 529 0,98 0.0061

Dione 6.256 560 1.49 0.011

Rhea 8.736 764 1.24 0.023

Titan 20.25 2,575 1.88 1.3457

Iapetus 59.03 720 1.0 0.016

Uranus 1.0 25559 1.318 868.32

Miranda 5.08 240x233 1.20 0.000659

Ariel 7.48 581x578 1.67 0.0135

U mbriel 10.4 585 1.4 0.0117

Titania 17.05 790 1.71 0.0353

Oberon 22.8 760 1.63 0.0301

a From TheNewSolarSystem, J. K. Beatty, Ed. (1999)

In terms of the satellite system observations, the presence

of gas might be desirable to clear up debris, damp eccentricities

and inclinations (especially in the case of Uranus where the

axis is tilted), provide size dependent sorting (observed in

the Saturnian and Uranian satellite systems), and as a selective

loss mechanism of silicates (inside Titan, the Saturnian satellite

systemis mostly made of ice). Also, the capture of the irregular

satellites would seem to favor the presence of gas in the system

not only for capture into planetary orbits (Pollack et al. 1979),

but also for capture into resonance. Indeed it is likely that these

objects required strong gas drag for planetary capture followed

by weak gas drag for resonance capture (Saha and Tremaine

1993). In Saturn's system, the capture of Hyperion into a 4:3

mean motion resonance with Titan poses problems given the

weakness of the tidal forces on Titan. Tidal capture would

require too low a coefficient of dissipation Q of Saturn given

the proximity of Mimas to the planet. Recently Lee and Peale

(2000) suggested that Hyperion was captured into resonance

by proto-Titan in the presence of a strong gas surface density

gradient.

It is also tantalizing to assume that the sizes of the satel-

lites are somehow connected with the gap opening criterion,

and the positions of of the satellites are connected with the

size of gas disk around the protoplanet. We can obtain an

estimate of the size of this disk by the centrifugal radius of the

planet (e.g. Stevenson et al. 1986), which assumes that gas

elements conserve specific angular momentum once they enter

the planet's Hill sphere. One must keep in mind, however, that

Callisto and tapetus are well outside the centrifugal radius of

Jupiter and Saturn respectively. Finally, as discussed in Pa-

per I, the ratio of masses of the atmospheric envelopes (using

core masses of about fifteen Earth masses for both planets) of

Jupiter to Saturn is similar to the ratio of mass in the reconsti-

tuted Galilean satellites to the mass in the Saturnian satellite

system of,-_ 3.7. Furthermore, the atmospheric envelope ratio

between Saturn and Uranus is ,-- 18 (assuming a ten Earth
core mass for Uranus), which is also similar to the ratio of

mass in their respective satellite systems (,,_ 15). This may
indicate that the amount of material left to make the satellite

systems was directly related to the amount of gas in the gi-

ant planet envelope. This strongly suggests that the formation

of the satellite systems has to be placed in the context of the

planetary subnebula that led to them.

The issue of survival in the presence of gas affects objects

of all sizes. Small objects will migrate inwards due to gas drag

(Weidenschilling 1984). Larger objects will generally migrate

inwards as a result of gas tidal torque (Ward 1997). Hence we

are led to consider how satellites may survive in the presence

of gas long enough for gas dissipation to take place.

In section 2 we discuss the regular satellites of giant planets

and advance the general framework that will be the focus of

this paper. In section 3 we compute the gas tidal torque as

a function of position in the inner and outer Jovian disks. In

section 4 we discuss Galilean satellite gap opening, migration

and survival. In section 5 we discuss how our model applies to

Saturn's satellite system. In section 6 we extend the model to

Uranus. In section 7 we present our summary and discussion.

2 Regular Satellites of Giant Planets

In Figure 1, we plot the known densities of the regular satellites

as a function of their distance from their primary in units of

their respective primary's Hill radius Rn = a( Mp /3Mo ) x/3,

for the three inner giant planets. The satellite sizes are scaled

relative to each other. We label the centrifugal radius rc ,-_

Rn/48, where RH is the Hill radius of the primary, with a
bold dashed line.

In this paper we pay special attention to comparing the

properties of the satellites located inside ,--, RH/100. Inside

Titan, Saturn's satellite system looks remarkably like that of

Uranus, with the size (and perhaps the density) of the satel-

lites correlating to the distance from the planet. The main

difference being that the small Saturnian satellites (with the

possible exception of Dione) appears to be made mostly of ice

while those of Uranus are rocky (with the possible exception of

Miranda). Interestingly, Jupiter's satellites become denser the
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closertheyaretotheplanet,whereastheoppositeappearsto
bethecaseforthoseofSaturn(withtheexceptionoflapetus)
andUranus(thoughinthecaseofUranustheevidenceisless
pronounced).If wecomparethedensitiesat_ RH/100 we

find that Io is nearly ice free, Rhea is mostly ice, and Oberon

is rocky.

We will argue that inside the centrifugal radius our model

for the formation of the large, regular satellites does provide

for a systematic view in which Saturn's satellite system bridges

the gap between those of Jupiter and Uranus by combining the

formation ofa Galilean-type satellite (Titan), and the formation

of smaller regular satellites, closer to the planet. Outside

the centrifugal radius, there is again a sequence that leads

to a smaller, farther out satellite for Saturn than for Jupiter.

Since in our model a satellite the size of lapetus is about the

smallest size that can be left stranded, the absence of a regular

satellite outside the centrifugal radius in the case of Uranus also

follows from this sequence. We provide data on the known

densities of the regular satellites of all three giant planets under
consideration in Table I.

where # is the ratio of satellite to primary mass, a is the satel-

lite distance from the primary, m is the order of the Lindblad

resonance, ( = mc/rQ, and a_ =- rL/a is the ratio of reso-

nance location to satellite position. Here q is a weak function

of ( given by

q = 1 - ,(1 - l)hlC/2 ;/v/i + ;2 ¢41

where h = H/r is the normalized scale height. The factor

= +1 depending on whether it is an inner or outer Lindblad

resonance. The function _ is given by

= 7 d_ +2vO-+Ub?_(_) , (5)

(note that Eq. 5 corrects a typo in Ward (1997) where a factor

of a,. was omitted) where the b_/2 are the Laplace coefficients

defined by

3 Satellite Evolution Due to (;as Drag and Tidal Torque

An object orbiting at Keplerian speed v,_- will encounter a

head-wind and drag towards the primary because the orbital

velocity of the gas vg,_, with density p9 is lowered by partial

pressure support. A measure of the difference between the

Keplerian velocity and the drag velocity is given by

vK - vg,_, ,_ , (1)
TI -- vK 2p,j v_. Or

where P is the gas pressure, and c is the speed of sound. The

timescale for evolution due to gas drag is given by

4psl pVK 2C
(2)

rgas -- 3CD(Av)2 Q_

where p_ and rp are the satellitesimal density and radius,

Co = 0.44 is the Stokes flov,, regime drag coefficient for

high Reynolds number, _ is the orbital frequency, E is the

gas surface density, and Av = r]vK (e.g. Weidenschilling

1988). Gas drag is most effective for smaller satellitesimals.

However, for larger objects (_ 1000 km), satellite migration is

dominated by the tidal torque (see Paper I). in general, the tidal

torque leads to migration because of the relative spacing of res-

onances inwards compared to outwards leads to a net torque

that causes a satellitesimal to migrate towards the primary. The

torque deposited at an ruth order Lindblad resonance is given

by (Ward 1997)

7iO 20t 3/2 _2 24

qv_ + ;2(1 + 4; 2)
(3)

2 ]" '_ cos m; d_
bT/_(_) = -

7rio _/1--2a_cos¢+a_
(6)

The resonance location for a Lindblad resonance of order m

is found by solving the condition for the frequency separation

D. = 2 _ ra2(Q _ Q_)'_ + (Q;)2 = 0 (7)

where n is the local epicyclic frequency of the disk, m [Q - ft, [

is the Doppler shifted forcing frequency, and f't is the orbital

frequency of the disk and is given by

C 2

f12 _ GMp (k + l) 77 (8)
r 3

where k =_ -dlnE/dlnr, and l =- -dlnT/dlnr are the

normalized density and temperature gradients, respectively.

The first term is just the Keplerian rate, and the second term

corrects for the radial support of the pressure gradient. The

resonance condition can be written as

1--if+-_ vff+;_=0 (9)

where we set n _ ft. Iterations are performed in order to find

the resonant locations rz(m) for inner (e = -1) and outer

(e = 1) Lindblad resonances for our model choices for k and

I. For the inner disk we have k = 1 and I = 1. in the outer

disk k = 1 and I = 0 - 0.5. In the transition region k can be

as large as _ 10. in Figure 2 (see also Paper I) we specify the

surface density and temperature of the subnebulae of Jupiter
and Saturn at the time of satellite accretion. Care was exercised
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tospecifyk so as to avoid having multiple resonance locations

for one resonance wavenumber m.
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Figure 2: Gas surface density and mean photospheric tem-

perature profiles for both Jupiter and Saturn used in this

study. Bold lines refer to Jupiter. Optical depth unity

(_] _ 104 g. cm -2) is labeled as well as the centrifugal radii o

of each body. Temperatures in the inner disk behave like r-1

while those in the immediate outer disk like _ r -t/2. The

temperatures in the outer disk are taken to be that. of the

equilibrium solar nebula temperature (T¢ _ 280 1Ax/'i'-A-U_)

which is roughly 130 K for Jupiter and 90 K for Saturn.
The Jovian disk extends to _ 150Rj while both Saturnian f_-ooo_

models ("3.7" dotted line, "Iapetus" dashed line) extend to

200Rs.

To calculate the torque we sum over resonances out to

a value of m >> aft/c, assuring that most of the torque

has been included in the calculation. As pointed out by Ward

(1997) such a torque produces mostly inwardly migrating satel-
lites. The main reason for this is that the resonances outside the

satellite occur closer to it than the corresponding resonances

inside the satellite, resulting in a net torque that causes the

satellite to drift inwards. A negative density gradient tends

to decrease the net torque, whereas a negative temperature

gradient increases it.

3.1 Survival of Callisto

Paper 1 deals with Callisto's slow formation, but it postpones

discussion of Callisto's location. Now we turn to that issue.

Though embryos grow as they drift, we consider it unlikely

that embryos grew to a size such that they became stranded at

Callisto's radial location. Had nothing acted to stall them or

capture them, we expect that all the embryos forming in the
outer disk would have drifted into the inner disk. Here we look
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Figure 3: (a) Torque calculations for Jupiter's inner disk

using various choices of the temperature profile (cf. Figure

2). Torques are scaled to the value of Tc = 2.4 × 1034 g

cm 2 s -2. (b) Torque calculations for Jupiter's outer disk.

As has been mentioned before, Ward (1997) pointed out

that even in the presence of global density and temperature

gradients tidal torques will in general lead to inward migration

of large orbiting bodies. However, that study did not deal with

the effects of local density gradients of the kind we envision

here (see Figure 2), which occur over _ 2H_, where H_ is

the scale-height at the centrifugal radius (and remain Rayleigh

stable [e.g. Lin and Papaloizou 1993]). We now compute the
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torqueonasatelliteplacedintheinnerandtheoutersubneb-
ulagasdisks.Wenormalizethetorquetoareferencevalue

2 2 2 3
Tc = _rp Ecrc (rcf_) �he where all quantities are evaluated

at the centrifugal radius. To compute the torque we need to

characterize the temperature as well as the density (see Figure

2 and Paper 1).

In Figure 3, we show the torque exerted on the satellite as

a function of radial distance for an outer disk gas density of

102 - 104 g cm -2, and inner disk gas densities of 104 - 106

gcm -2, for the two Jovian temperature profiles plotted in

Figure 2 and a third constant temperature model. Here we

have summed the torques for resonance numbers m = 2 - 60.

Figure 3a corresponds to the torques in the inner disk. It can be

seen that in a region between _ 20Rj and 30Rj the torques

are actually positive, indicating that a proto-satellite placed

there would exhibit outward migration no matter the specifics

of the temperature profile (though the constant temperature

peak is higher than the other two). Inside of _ 20R j, the

torque again leads to inward migration.

The behavior of the different temperature profiles merits

discussion. For a given scale height, a gradient in the temper-

ature increases the magnitude of the migration inward (Ward

1997). It might seem puzzling, then, that as we approach the

planet the constant 130 K temperature profile becomes more

negative than the other two profiles. This is due to the torque-

cutoff for resonances with m > r/H (Goldreich and Tremaine

1980; Artymowicz 1993). The constant 130 K profile leads

to a smaller scale-height than the other two profiles, which

increases the number of resonances contributing to the total

torque. As we approach the planet, the scale height of the

constant temperature profile decreases rapidly, which leads to

even larger torque magnitudes. By contrast, the curve with in-

ner disk temperature profile T cx r -t has constant r/H close

to the planet. Thus, once the resonances no longer sample the

transition region the torque becomes nearly constant as well.

In Figure 3b, we plot the torques in the outer disk. A net

torque of zero is obtained near the location of Callisto, with

the constant temperature profile occurring slightly further out.

Since torques due to the gas dominate for large objects over

migration due to gas drag, one would expect a proto-satellite to

stall as it approached this location from either direction. As we

move further out, all three profiles yield the same temperature

and the torques merge.

In Figure 4, we decrease the amount of gas present in the

inner disk by an order of magnitude and recompute the torques.

In this case, though greatly reduced around 25R j, the torque

never becomes positive anywhere in the disk. However, as

we will see in section 4.1, a sharp drop in the tidal torque

may be enough to explain the location of Callisto. It is worth

noting that the constant temperature model again shows a more

pronounced peak.

A region of positive torque certainly would help to ac-

count for the observation that the region between Callisto

and Ganymede is empty, as well as help explain Callisto's

large reservoir of angular momentum. If a satellite embryo

1000 km formed in the region of positive torque it might

have evolved outward. Hence, it is possible that part of Cal-

listo was derived from condensables drawn from the transition

region (see Paper I); however, most of Callisto must be formed

from materials in the outer disk if it is going to remain partially

differentiated.
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Figure 4: (a) Torque calculations for Jupiter's inner disk

using various choices of the temperature profile (cf Figure

2) for a gas surface density in the inner disk a factor of 10

less than in Figure 3. Torques are scaled to the value of

Tc = 2.4 x 1033 gcm 2 s -2. (b) Torque calculations for

Jupiter's outer disk.

As we will see, our model for Saturn also turns out to have

locations with zero torque which may not only account for the
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presenceoflapetus,butmayalsoexplainwhythissatelliteis
somuchfurtheroutinrelationtoSaturnthanCallistoisfrom
Jupiter.

Noneofthisaddressesthelongtermsurvivalofsatellites
insidethecentrifugalradiusofgiantplanets.Wetacklethat
issueinthenextsection.

4 Satellite Gap Opening

Given the ratio of the mass of the Galilean satellites to Jupiter

it is natural to consider whether satellites can open a gap in the

subnebula. Gap opening removes gas drag and ties the evolu-

tion of the satellite to the evolution of the disk. Consequently,

it is worth exploring under what conditions one might expect

satellites to open a gap.

Assuming local damping of the pressure waves, the crite-

rion for a satellite of mass Ms to open a gap in the subnebula

is (Goldreich and Tremaine 1980)

M, ( c _2ci/2
t, = _ > _,_, (10)

where the gas viscosity is u = ac2/fL and Mp is the mass

of the planet. Using a lengthscale ol: the centrifugal ra-

dius R0 _ rc _ 15R j, T _ 250 K, and a timescale of

to _ 1000 years (similar to Jupiter's gap-opening timescale)

we get u = R_/to _ 1011 - 10 t2 cm 2 s -I. This gives

ct _ 10 .4 - 10 -a and Ms/Mp _ 10 -'2, which gives Ms

1026 g. But one must remember that for our turbulence model

the strength of the turbulence is variable both in space and

in time. The end of planetary accretion will lead to weaker

turbulence. Furthermore, in the outer region of the inner disk

where the disk temperature approaches the subnebula temper-
ature, the turbulence should be even weaker. Closer to the

planet some remnant turbulence will continue until the disk

becomes optically thin and/or the planet cools and the tem-

perature approaches the background temperature. Since we

expect Ganymede and Titan to have formed at a low tem-

perature of 250 K and 100 K respectively, this would imply

that the subnebula was only weakly turbulent at their position

(oe ,-, 10-6; see Paper I). Therefore, both of these satellites are

likely to have satisfied the above gap opening condition.

Lin and Papaloizou (1993) cite another condition that must

be satisfied for the secondary to open a gap in the nebula;

namely, the thermal condition # >_ h 3, where h = H/r. As

they point out, if the Roche lobe of the perturber is smaller

than the scale-height of the subnebula, the gradient needed

to produce a gap will be too steep and the gas will become

Rayleigh unstable. This condition can also be seen as the cri-

terion for non-linear dissipation of pressure waves to truncate

the disk (Ward 1997). Although even Ganymede and Titan

are too small to satisfy this condition, the fact that a perturber

can open a gap several times its Roche-lobe probably means

that the above criterion should be viewed as a loose indication

of the size an object must be to make gap opening possible.

Moreover, although the above may also be seen as the crite-

rion for radial non-linear dissipation to allow for gap opening,

three dimensional effects may allow for wave dissipation in the

neighborhood of the secondary (Linet al 1990a,b). Still, sig-

nificantly smaller objects would find it difficult to clear material

close to them in the presence of even weak turbulence. Thus,

only Ganymede and Titan (and perhaps Callisto) are likely to

have opened a gap in the subnebula. It is possible that these

two satellites grew fast enough to avoid significant migration

and then opened a gap in the gas (see Paper I). Further evolu-

tion would have taken place on the viscous timescale. Since

the viscosity of the gas is expected to be weak (and to decrease

with time) at the location of these satellites, they might have

avoided significant migration altogether. That is, the present

location of these satellites, just inside the centrifugal radius of

their primary, may reflect the position of the satellite embryos
that led to their formation.

However, it must be stressed that the disk's feedback re-

action may cause a sufficiently large satellite to stall even if

it does not open a gap. We can obtain a simple estimate of

the inertial mass (Hourigan and Ward 1984; Ward and Houri-

gan 1989) in the inviscid limit by comparing the timescale

Tdrift _ (Mp/Ms)Mphaps/Zr 2, where Ps is the satel-

lite's orbital period, for a satellite to drift across H to the

timescale for the satellite to change the surface density within

H, rgr_d _ h6p_(Mp/M_) 2. The inertial mass is then given

by #i = Mi/Mp ,,, Er2ha/Mp < h a. Hence in the inviscid

limit the inertial mass criterion can be significantly smaller

than the thermal condition (Lin and Papaloizou 1993). it is

instructive to calculate the mass that would be required for

the drift time Tdrift to be similar to the gap-opening time

?-gap ,'_ h5p_(lt'Ip/Ma) _. We get pgap = #i/h, which for

the subnebula is O(10) larger than the inertial mass. Thus. we

can see that it may be possible for a satellite to stall even if

it does not open a gap in the subnebula. In such a situation

satellite inward migration will continue at a rate determined

by the viscous evolution of the gas disk. However, for low op-

tical depth, quiescent disks this timescale may be longer than

the timescale (_ 107 years) for photodissociation or for solar

wind to dissipate the gas. Hence stalling may lead to long term
satellite survival.

The above discussion assumes that the density waves which

carry the angular momentum are damped locally (i.e. close to

the resonance location where the wave is launched). We now

check whether this a good assumption in the present situa-

tion. For spiral density waves such that the Toomre parameter

QT = cf_/rrGE >> 1 the wave damping length is given by

(Goldreich and Tremaine 1980)

C3 ) 2/3
(11)

For our nebula parameters we find quite generally that x,_i_ >>

H. This says that the wave launched by the satellite will damp

much further away than the region where most of the torque is

being deposited. As a result, this mechanism cannot be relied
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upontoeitheropengapsinthesubnebulaor lead to satellite

stall.

For sufficiently strong perturbations, non-linear damping

of density waves will reduce the lengthscale from the value

given above. In the low viscosity limit, the waves will damp

when the perturbation of density in the wave approaches the

density of the disk. At that distance shock dissipation would

lead to effective wave dissipation and angular momentum de-

position (Lubow and Shu 1975). For pressure waves the non-

linear damping length is given by

invalid to assume (as has been done so far) that the location of

the resonance is independent of the vertical coordinate. Relax-

ing this assumption may lead to vertical propagation of waves

with wavenumber m > r/H. Given the theoretical uncer-

tainty raised by these issues, we simply choose the damping

length xaamp = rz/m, where rL is the radial location of the

resonance. Next we look at the consequences of such a wave

damping model.

4.1 Satellite Migration and Survival

p r3191 c6
(12)

where _,_ _ (2m - 1)GM_/r is the forcing function of the

secondary, and ID] ~ 3(m - 1)f_ 2 (e.g. Ward 1986) with all

quantities evaluated at the resonance location. This distance

also turns out to be much larger than H. The waves travel a

long distance before becoming non-linear, so this mechanism

is not helpful in this context.

Here we simply adopt the damping model of Lin and Pa-

paloizou (1993), who point out that for sufficiently large m

the wavelength of inward traveling waves quickly becomes

comparable to the scale height of the nebula. In a thermally

stratified gas disk strong refraction turns the direction of prop-

agation towards the disk surfaces. As the wave encounters

low density regions far from the midplane non-linear damping

can take place. It might be argued that this mechanism does

not help in the context of satellites because wave refraction is

weak in situations of low optical depth, whereas the timescale

of orbital decay of a satellite in the presence of an optically

thin gas disk is still short. While significant, we argue that this

objection is not insurmountable for several reasons. We have

already mentioned the possibility that micron-sized dust will

keep the gas disk optically thick (see also Paper i). If so, wave

refraction may take place as result. If not, gas turbulence as

well as wave refraction will die down as the gas disk reaches

an optical depth of order unity. This is significant because

for a sufficiently quiescent disk the timescale for viscosity to

even out gradients in the surface density of the gas may be

comparable to the timescale for gas dissipation due to pho-

todissociation or solar wind. In such a regime, weak wave

refraction may suffice to preserve the surface density profile

that led to a disk feedback reaction that caused the satellite's

inward migration to stall in the first place. Furthermore, ac-

cording to Tanaka and Ward (2000) inward traveling waves in

an isothermal disk would also damp because the velocity of

the perturbation becomes dependent on the vertical coordinate

due to the changes in scale-height, and becomes so large at the

disk surfaces that a shock wave would be formed (although we

consider the isothermal case this is taken as an approximation

of the cool planet limit; in actuality, we expect a weak tempera-

ture gradient will persist throughout the accretion of the regular

satellites of the giant planets). Finally, non-linear damping at

the disk surfaces may take place for reasons other than those

mentioned above. For instance, for small satellites it may be

In this section we consider Ward's (1997) criterion for a per-

turber migrating in an inviscid gas disk to stall. We add the

effects of gas drag and non-local dissipation of angular mo-

mentum to make it applicable to cases where drift due to drag

is comparable to drift due to torque, and the damping length

is comparable to H. The following derivation follows that of

Ward (1997).

The evolution of the disk is given by (Lynden-Bell and

Pringle 1974)

OL vOL_ = 09 dT*2._r_ 5-i+ _r J -_ + -g-r '
(13)

where L = r2f2 is the specific angular momentum of disk

material. 9 = -27rEur30f_/Or is the viscous couple, v(r) is

the radial velocity of disk material, and dT*/dr is the torque

density due to the angular momentum deposited by density

waves where they damp. The continuity equation is given by

1o(
0---( + r ar rEv) = 0. (14)

The drift velocity of the satellite is given by a combination

of the integrated torque density, and the local drag term

f (15)v_ -- Al_afft_ - rg_ '

As in Ward (1997), we find a solution for a surface density

in the form of a kinematic wave. For the inner disk, h =

H/r = constant. This leads to the equation

2 0E (3u) dT*37fur 9t-_v + 7rr2E_ v + _v = --_r" (16)

By making the substitutions _2 = E/Eo. ,5 = v/afi_. _ =

v/a2_ls, t = _st, and x = (r - a)/H_, we can reduce this

set of equations to

___0_+ _3,)OZ(fj+ 3_)= #_F*(z,k,l),h4_ (17)
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o± 1 o (_o)=o, (18)

2##g f

y _.F(z, k, l)dx - 6d, (19)O, -- h3

whcrc #9 = 7r_a2/MR. The normalized torque density is

given by

F(x, k, l) - h4 (dT/dr)
7ra3_2sp2E

(20)

with a similar expression for the normalized and shifted torque

density F*. The assumed form for the kinematic wave implies

from the continuity equation that E(_3 - _38) = constant. As

seen from the secondary, the flux of disk material 27rEr(v-vs )

when evaluated at far enough distances such that the velocity

is unaffected one can determine from (16) that E(v - v,) --+

-Eo(3u/2a + v_). We can then replace Z6 with (E - 1)_3._-

3f,/2 in (17) to give Ward's (1997) equation (24)

_xx + (_-1) _,+ = EF'(x,k,l). (21)

A lower bound may be determined on the satellitesimal

mass that may open a gap by setting the viscosity _ = 0. This

leads to the density perturbation

h%3,
(22)

which may be substituted into equation (19) to yield after

integration

#2 + ...) 64,_ _ -_ (rl + _-:h-(r5 (23)

where V = 2##9/h z. The first term in parenthesis is propor-

tional to the net disk torque rl = Y: T,,,, which represents the

direct driving term. The second or "feedback" term is propor-

tional to F; (defined by Equations [26] and [27]). It should be

noted that since the drift velocity includes a drag contribution
the "feedback" term does as well. We can solve to lowest order

for the motion of the satellitesimal

9
,3,= -:(F, + ra)(1 + _/i --la/Iti,d),

(24)

with Fd -- 6a/(£ The modified inertial mass (Hourigan and

Ward 1984; Ward and Hourigan 1989) taking into account the

gas drag drift velocity is given by

pi,d = pgh (rl + Fd) 2 (25)
2F_

The quantity F_ is obtained by adding inner and outer

torques. The contribution due to angular momentum deposi-

tion at the location of damping P_ may be obtained from

where

mJ'_ dD.

n>nl

(26)

&= 7%,

(0,

r_ _+1 < r_ + Xdamp <_ rr_; e = 1

rrn+l.r'_ < r_ -- Xd_,,_p < L , e =--I

otherwise

(27)

is a sum over torque contributions deposited at the distance

xa_mp = rL/m from the location rL where the wave is
launched.
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Figure 5a: Inviscid inertial mass for the Jovian system for

p_ = 2 gcm -3 and for various gas surface density models

using local damping of pressure waves. The solid line cor-

responds to our initial temperature and density profile for

Jupiter. The dotted corresponds to a decrease of the mean

surface density of the inner disk. The dashed line is a con-

stant temperature and constant surface density model where

: 104 g cm -2 which corresponds to a gas optical depth

ofv_ 1.

In Figure 5, we plot the inertial mass as a function of

distance from the planet for a sequence of disk models with
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decreasinggassurfacedensitylortheinnerdiskassuming
ps = 2.0 g cm -3. The solid curve corresponds to our initial

model for the density and temperature of Jupiter's disk as

plotted in Figure 2 (which has an average surface density of

5 × 10 5 g cm-e). The dotted curve corresponds to a later time

such that the turbulence in the inner disk has lowered the gas

surface density there to the average value given in the plot. The

radial dependence of the surface density is assumed to remain

_x r- 1, and the outer disk gas density is left unchanged since

the gas is expected to be quiescent there. The dashed curve

corresponds to a later time in which the gas is taken to be of

optical depth order unity with Z _ 10 4 g cm -2 everywhere

in the inner disk and the subnebula temperature is the solar

nebula temperature at Jupiter's location. We picked a cool

disk with surface density of 10 4 g cm -2 for comparison with

Saturn (whose satellite system accretion time is longer and

cools much faster), and also because the subnebula turbulence

is likely to die down as the disk becomes optically thin. It

also bears pointing out that the criterion for the inertial mass

was obtained in the inviscid limit, whereas turbulence is used

to remove gas from the inner disk. Here again we stress

that the post-accretion turbulence is taken to be quite weak (it

must be weak to avoid heating up the gas disk and preventing

water condensation [see Paper I]) and may die down even

further on the satellite accretion timescale, so that the inviscid

approximation may apply.

Figure 5a corresponds to the case where the damping is
assumed to be local. In that case the turbulence needs to lower

the gas density by about a factor of 2 for the inward migration

of Ganymede and 1o to stall. Europa appears to be too small

to stall even then, but this conclusion may be complicated by

its proximity to a resonance with Io. Given our nominal post-

accretion turbulence parameter in the range a _ 10 -5 - 10 -6,

the timescale for the disk to evolve is 10 4 - 10 5 years (see Pa-

per I), which is somewhat longer than the accretion timescale

for the Galilean satellites. This suggests that it may be rea-

sonable to consider a disk with solid concentration larger than

solar. Even a moderate increase in concentration would have

a significant effect since it would lower the amount of gas that
needs to be removed for the satellites to stall, and it would also

allow for stronger turbulence for a given temperature profile.

In this figure it can also be seen that Callisto would stall for

all the curves. The reason for this is that Callisto's torque and

drift velocity is much smaller in magnitude (given its location

in the plot, in the absence of a disk feedback reaction, its drift

would be outward) than for the inner satellites. Clearly present

in this figure are the two locations of zero torque, which corre-

spond to locations where a satellite will stall regardless of its

size (provided there is no gas drag). Notice that Callisto stalls

even when the surface density of the inner disk has dropped

by about an order of magnitude. This corresponds to a case

in which the torque becomes small but never zero (see Figure

4). In this case, the inertial mass curve develops a single dip

around the location of Callisto. it is clear, then, that the torque

of the disk at Callisto's location need not be exactly equal to

zero for this satellite to stall. Any significant drop in the value

of the net tidal torque will make it more likely that Callisto will

stall outside the centrifugal radius, near its present location.

Non-local damping
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Figure 5b: Inviscid inertial mass calculations for the Jovian

system for p, = 2 g cm -3 and for various gas surface density

models using non-local damping. Note that _ = 10 4 g cm -2

corresponds to a gas optical depth of 7- _ 1.
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Figure 5c: lnviscid inertial mass calculations for the Jovian

system for p, = 2 g cm -3 and for various gas surface density

models using non-local damping and effects due to gas drag.

Note that Z = 10 4 g cm -2 corresponds to a gas optical

depth of 7- _ 1.

Figure 5b corresponds to the case where the damping is

done non-locally. As expected, non-local effects make it more

difficult for a satellite to stall. In this case the gas turbulence
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wouldhavetoremoveaboutanorderofmagnitudeofgas
beforethesatellitescanstall(withEuropasignificantlybelow
thecurve).Asbefore,thelocationofzerotorqueleadstozero
inertialmasses,sinceanysatellitethatdriftsintothislocation
willexperiencenonettorqueandwillstall.Finally,weadd
dragandobtainFigure5c. Theonlynoticeabledifference
betweenFigure5band5cistheshapeofthecurvesinthelow
massregionoftheplot(butnotethatinthiscaseasatellite
driftsevenplacedatthelocationofzerotorque).Aconstant
temperatureandconstantsurfacedensitydisk(dashedcurve)
mightseemtoimplynogasdrag,butatthemidplanethe
pressuregradientwouldstillbenon-zero(duetothegradient
involumedensity)sodragispresentforthatcurveaswell.

Fromthesefiguresonecanseethatingeneraltheinertial
mass(ormassthatwillstallintheinviscidlimit)increaseswith
distance.Thereasonforthisisthatthenon-dimensionaldisk
massPo decreases closer to the planet despite the increase

of surface density. In fact for E _x r -1 it is easy to see

that/Lg o¢ r. This allows a satellite to drift until it finds an

equilibrium position, so long as it is sufficiently massive to

stall somewhere in the disk. Nevertheless, in the presence

of a strong temperature gradient the slope is shallow, and the

range of masses that can satisfy the condition for stalling is

narrow. Still, one can see that it is possible for Ganymede

to find an equilibrium location far out in the disk while Io

finds it closer in. From the dashed curve we see that for

the case of an isothermal, constant surface density gas disk

the slope is much steeper; thus, presumably allowing much

smaller satellites to stall closer in to the planet. The reason for

this is related to the torque cut-off phenomenon. A constant

temperature disk leads to relatively smaller scale-heights as we

approach the planet. A smaller scale-height means that more

resonances provide a contribution to the torque. As a result, the

feedback reaction of the torque increases and even a relatively

small mass object can satisfy the condition for stall. Since

its cooling time is comparable to the gas dissipation timescale

10 7 years, Jupiter may not have cooled fast enough to allow

for an isothermal disk. We will see later on that Saturn may

have.

it must be stressed that the inertial mass criterion is not

equivalent to one in which one compares the gap opening

timescale to the drift timescale. Even if a satellite is assumed

to open a gap, it would do so on a timescale considerably longer

than the time it takes for the satellite to drift a distance equal to

the gap size. Even so, the inertial mass criterion still predicts

that the satellites would stall. The reason for this is that stalling

does not require a gap to form, only that the surface density in

the neighborhood of the satellite be sufficiently altered by the

satellite's presence to effectively oppose its migration.

5 Saturn's Satellite System

In this section we perform analogous calculations for Saturn

with subnebula surface density and temperature as given in

Figure 2. There it can be seen that a "minimum mass" model

gives a generally lower surface density for Saturn. Also as

expected the initial temperature profile is generally cooler. It

is particularly interesting to ask how long after the end of plan-

etary accretion do regions inside of r _ Rn/100 (this corre-

sponds to the location of 1o for Jupiter and Rhea for Saturn;

see Figure 1)become sufficiently cool for water condensation.

For low opacity disks Pollack et al. (1976) give a time of

10 _ - 106 years for Saturn and _ 10 7 years for Jupiter for

this location to cool to ,,_ 250 K, where we compare low opac-

ity cases because the cooling timescale is sufficiently long for

even weak turbulence to remove most of the gas in the subneb-

ula. Given that 1o is nearly ice-free yet Rhea is icy, it should

be clear that this is potentially a very important distinction be-

tween Jupiter and Saturn. We will discuss this issue in detail

in sections 5.2 and 5.3. Now we turn to Saturn's outer disk.

5.1 Survival of lapetus

A possible explanation for the location of lapetus at _ 60Rs is

that this was the position of zero torque of the subnebula before

the time of gas dissipation. In Figure 6, we plot the torques

as a function of position for the inner and outer disks, and for

the two gas density models of Figure 2. Each panel displays

curves that correspond to the Saturnian temperature profiles

of Figure 2, plus a constant temperature profile corresponding

to the solar nebula temperature at Saturn. These plots have

much the same features as those for Jupiter, except that the

region of positive torque has broadened considerably. The

outer location of zero torque is now found at _ 45Rs for

the 3.7 model, and at ,,_ 6ORs for the Iapetus model (i.e. a

model in which just enough mass is placed outside lapetus'

orbit to form this satellite). These locations are considerably

farther out than was the case for Jupiter. Though the exact

location of zero torque is (weakly) dependent on the width of

the transition region (a more extended transition region leads to

a zero torque location slightly closer to the planet), we find that

for Saturn this location occurs further out than in Jupiter mostly

because of Saturn's larger Hill radius and less massive outer

disk. Hence the position of zero torque may help to explain

how a non-captured object may be left stranded at such a large

radius. Given our subnebula parameters the transition from a

gas drag dominated regime to a tidal torque dominated regime

takes place between particles of size 500 to 1000 km (gas drag

is larger for the former particle and weaker for the latter; see

Figure 5b, Paper I). Thus, lapetus may be regarded as a loose

cut-off size below which one would not expect the subnebula

tidal torque to be able to strand particles outside the centrifugal

radius. It is also possible, however, that there wasn't sufficient

drag or tidal torque for this object to drag further in a timescale

less than 107 years and it was left stranded.



5 SATURN'SSATELLITESYSTEM

-1

2

-3

ooi

0005

0

37 model

-0005

E..t. , = 8.5xl02(115 Rs/r ) g cm t. r > 37 Rs

I_m._ = 1 0_10n(16 Rs/r ) g crn -z, r < 25 Rs

m=2-60

20 3tO

a ,:t%)

,-I
3 7 model

E..t, , = 6txlO*(l15 RJr) g cm-*, r > 37 Rs

I2_.., = I C_10'(16 Rn/r ) g crn -_. r < 9'5 R s

m=2 60

o T = 90K

T_r I/z

o T_r _

60 B0 100

a !R,)

Figure 6: (a) Torque calculations fl)r Saturn's inner disk

using various choices of the temperature profile (cf. Figure

2) for the "3.7" model. Torques are scaled to the value of
Tc = 7.6 x 1033 g cm 2 s -2. (b) Torque calculations for

Saturn's outer disk using the "3.7" model.

5.2 Satellites inside of Titan

As we noted in Paper I, there are several important features
that characterize the satellites that are found inside the orbit

of Titan. With the possible exception of Dione, they all have

densities consistent with icy bodies (see Table I). They are

all small compared to Titan (adding up to only ,--, 3 % of

the total mass of the satellite system). They are found well

inside the centrifugal radius of the primary (see Figure 1):

and perhaps most importantly, they are ordered by size, with

the larger satellites further out. There are two mechanisms

that can lead to such a distribution of sizes. One is outward

tidal expansion of the satellite orbits. However, it can be

shown that to significantly alter the position of Rhea over

the lifetime of the solar system would require Saturn's tidal

dissipation parameter to be smaller than the lower bound set

by the present position of Mimas at 3.1Rs, even if it started
as far in as the co-rotation radius at 1.8Rs. Moreover, the

absence of Mimas size satellites far from the planet cannot

be explained by tidal effects. Therefore, size sorting cannot

be the result of tidal effects alone (though tidal forces may

explain the Tethys-Mimas and Dione-Enceladus resonances,

as well as the evidence for endogenic activity in Enceladus

and Tethys). The other option is to explain size sorting by gas

drag and/or tidal torque. We have already argued that Titan

may have formed fast enough to avoid significant migration

either due to gas drag or gas torque before opening a gap in the

subnebula. On the other hand, the inner satellites are probably

much too small to have opened gaps even in the presence of

even weak turbulence. The puzzle then becomes the fact that

they survived at all.

Interestingly, the orbital decay timescale (gas drag plus

tidal torque) for midsize Saturnian satellites (200 - 700 kin) is

much longer (104 - 105 years) than the orbital decay timescale

for Titan (_ 100 years!). This is a result of the much weaker

tidal torque for the smaller objects (see also Paper 1). Further-

more, close to the planet even weak turbulence (o_ ,-_ 10 -5)

may lead to viscous dissipation of the inner gas disk on a

timescale comparable to the orbital timescale for these ob-

jects. This raises the possibility that turbulence is responsible

for stranding these satellites. However, since the orbital de-

cay time over this size range is not necessarily a monotonic

function of satellite size, it is unclear that such a mechanism

will produce the observed mass versus distance distribution of

satellites. Moreover, we expect gas turbulence to die down

once the gas disk approaches optical depth of order unity.

Thus, one might need to rely upon hypervelocity impacts to

kick up sufficient quantities of micron-sized dust to keep the

inner gas disk optically thick. Nevertheless, we cannot rule

out this possibility at this time.

We suggest that the inner satellites began to form at the tail

end of Titan's accretion. We argue that the formation of these

satellites took place > 10 _ years after Saturn's accretion, once

the temperature had dropped enough to condense water inside

of _ 8Rs. Given our model, the size of this inner region

where icy satellites were formed is determined by the location

at which the temperature in the optically thick disk starts out

> 250 K.

It might be argued that the planet begins to cool immedi-

ately, so that the above time delay is arbitrary, but it must be

remembered that as the disk loses gas and becomes optically

thin, its temperature at a given radius will increase if the vis-

cous timescale is shorter than the planetary cooling timescale.
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Sinceittakes105- 106 years for an optically thin disk to reach

a temperature of 250 K at 8Rs (Pollack etal. 1976) condensed

water may have been unavailable inside of that radius for that

long. This time may have been long enough that viscous evo-

lution, even assuming weak turbulence, would have lowered

the density of the gas disk to an optically thin value (at which

time the turbulence may have died down, provided the dust

opacity were also low). Once it became cool enough for water

condensation, the inner disk would be water enriched due to

the evaporation before that time of inwardly drifting particles

from outside 8Rs. Furthermore, most of the silicates in the

disk not accreted by Titan may have been lost by then, hence

the satellites ended up mostly made of water ice (but possibly

ammonia and methane as well).

We now ask whether a disk with surface density of 104 g

cm -2 has enough water in it to produce the inner satellites

of Saturn. Not surprisingly a straightforward solar mixtures

calculation yields too little mass out to 8Rs by about an order

of magnitude. As we mentioned above, the inner portion of

the disk may have been water enriched. However, a detailed
calculation will be left for further work.

5.3 Saturnian Satellite Migration and Survival
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A satellite may not need to open a gap to survive. Rather, the

feedback reaction of the disk may stall its inward migration

even before a gap forms, and allow the satellite to survive long

enough for gas dissipation to take place. In section 4. t, we

adapted the inviscid inertial mass criterion to a situation to

include non-local damping and the effects of gas drag. For

Jupiter we argued that the inviscid limit may not be bad, since

by the time the satellites have completed their accretion the

surface gas density of the disk was probably close to optical

depth of order unity. For Saturn, too, the inviscid limit may

be applicable: Saturn's turbulence may have been weaker than

that of Jupiter (particularly at the location of Titan, where

the temperature of the subnebula is close to the solar nebula

temperature at Saturn's location).

Figure 6: (c) Torque calculations for Saturn's inner disk

using various choices of the temperature profile (cf. Figure

2) for the "lapetus" model. Torques are scaled to the value

of Tc = 8.7 x 1033 gcm 2 s-2.(d) Torque calculations for

Saturn's outer disk using the "Iapetus" model.

Why, however, are there no large satellites re > 1000

km inside the orbit of Titan? We can think of five possible

reasons for this. The first one involves a combination of Sat-

urn's longer satellite accretion time combined with the early

bombardment of planetesimals from the edge of the Roche-

lobe. Bombardment may prevent satellite formation because

close to the planet collisional events might have been energetic

enough to disrupt satellite embryos (Greenberg et al. 1977).
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However,Saturn'sweakerturbulence(andmoreconcentrated
particlelayer)mayshortenitsembryoformationtimescale.
Hence,thoughthisexplanationisplausible,it isnotclearthat
Saturn'sembryoswouldhavebeenmorevulnerablethanthose
ofJupiter.Thesecondreasonisrelatedtothepossibilitythat,
byremovinggasfromthediskandincreasingtheconcen-
trationofsolids,someturbulencehelpssatellitestosurvive.
Giventheweakertemperaturegradientandfastercoolingof
Saturn'sdisk,itsturbulencemayhavebeencorrespondingly
weakerandmoreshort-livedthanthatofJupiter'sdisk.That
is,eventhoughSaturnstartedoutwithlessgas,itsweaker
turbulencemighthaveallowedgastoremainlonger.Itispos-
sible,then,thatthegasdensityinSaturnsimplystayedtoo
highforthelargesatellitesthatformedtheretostallandsur-
vive.Furthermore,whilebyleadingtoathinparticlelayer
weakerturbulencemayleadtofasterembryoaccretiontimes,
it mayactuallydelaytheformationofafullsizesatellite(see
PaperI).Whichofthesetwoexplanationsiscorrectdepends
ontherelativestrengthoftheturbulenceofthesubnebulaeof
thetwoplanetsasafunctionoftime.Bothexplanationsbene-
fitfromthesmallerembryosizestypicalofSaturn'sdisk(see
PaperI).Smallerembryosaremorelikelytobreakupand/or
failtostall,andbelosttotheplanet.Unfortunately,ourmodel
indicatesthatinitiallyatleasttheturbulenceofthetwoplanets
waslikelytobeofthesameorderofmagnitude(seePaperI).
Henceit isdifficulttodecideinfavorofoneexplanationover
theother.Athirdpossibilityisthattheconcentrationofsolids
wassubstantiallygreaterinthesubnebulaofJupiterthanin
thesubnebulaofSaturn(thoughtheroughparitybetweenthe
massratioofatmosphericenvelopesandcumulativesatellite
massesarguesagainstit). Thefourthpossibilityisthatby
effectivelyscatteringplanetesimalsasitaccretedJupitermay
havereducedthebombardmentoflatearrivingplanetesimals,
thuspartiallyshieldingitsproto-satellitesystem.Thefifth
possibilityisthatJupiter'sstrongertemperaturegradient(both
verticallyandradially)leadstostrongerdampingofpressure
wavesandastrongerfeedbackreactionofthegasdisktothe
presenceofthesatellite,makingiteasierforsatellitestostall.
Onemightexpectthistobethecaseiftheverticalrefractionof
thepressurewaves(LinandPapaloizou1993)leadstodamp-
ingdistancesmuchsmallerthanthescale-height.Stronger
wavedampingmayalsoexplainwhytheGalileansatellites
arefurtherbelowtheinertialmasscurvesthanTitanfora
givendampingmodel(seeSection5.3).

Atanyrate,it islikelythatIoandEuropaformedinside
Ganymedeatatimewhenthetemperaturewastoohighfor
watercondensation,thusthesesatellitesendedupnearlyice-
free.Thereversemightbetrueforthesatellitesfoundinside
ofTitan.Wehavealreadyseenhowaconstanttemperature
diskallowsforrelativelysmallobjects(between100and1000
km)tofindaradiusclosetotheplanetwherethefeedback
reactionofthediskallowstheirinwardmigrationtostall.In
thecaseofJupiternosuchobjectsareobserved.Thismaybe
becauseJupiterdidnotcoolfastenoughtoallowforit. On
theotherhand,Saturn'sshortercoolingtimemeansthatwater
condensationintheinnerdisktakesplacebeforecomplete
gasdissipation(herepresumedtotakeplacein107years),

butprobablyafterthegasturbulenceresultedinadiskwith
opticaldepthorderunity.Hence.wedelayformationofthe
innersatellitestoallowtimeforplanetarycooling.Bythe
timetheinnersatellitesof Saturn(insideof8Rs)accreted
(seePaperI),thediskaroundSaturnwaslikelytobenearly
quiescentandcool.

Local Damping
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Figure 7a: Inviscid inertial mass calculations for the Sat-

urnian system (lapetus model) for p_ = 1.5 g cm -3 and for

various gas surface density models using only local damp-

ing. The solid line corresponds to our initial temperature

and density profile for Saturn. The dashed line is a con-

stant temperature and constant surface density model where

= 104 g cm -2 which corresponds to a gas optical depth

of 7- _ 1. For the long dash line the temperature is 250 K.

For the short dash line the temperature is 90 K.

In Figure 7, we plot the inviscid inertial mass as a function

of distance for (a) local damping, (b) non-local damping, and

(c) non-local damping and gas drag forp, = 1.5 gcm -3. The

solid curves in each of these correspond to the optically thick

model specified at the outset, with gas density and temperature

profile as in Figure 2 (Iapetus model). The dotted curves still

correspond to an optically thick model, except that the average

surface density is now presumed to be lower due to the effects

of gas turbulence. Finally, the dashed curves corresponds to a

gas optical depth of order unity, with constant surface density

and temperature. The long dash corresponds to the water

condensation temperature 250 K and the short dash curve has

a temperature equal to the background temperature ,-, 90 K.

As expected non-local damping makes it considerably

more difficult for a satellite to stall. In the case of Titan,

our non-local damping model requires that turbulence remove

significant amounts of gas by the time the satellite completes

its accretion in 10 4 -- 105 years, whereas the local damping

model puts Titan well over the inertial mass that would lead to
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satellitestall.Alsoasexpectedgasdraghasnoeffecton this

satellite. As was the case with Callisto, lapetus finds it easy

to stall due to the nearby location of zero torque even when

gas drag is included (recall that in the presence of gas drag a

satellite may continue to drift even at the location of zero net

torque). These plots also show that given its location close

to the outer position of zero torque, lapetus is likely to stall

regardless of the specifics of the model under consideration

(but note that the size of lapetus is close to the cut-off size

such that the tidal torque dominates the gas drag). This offers

an explanation for the present day location of lapetus.

Non-local damping
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Figure 7b: Inviscid inertial mass calculations for the Sat-

urnian system (Iapetus model) for p_ = 1.5 gcm -3 and for

various gas surface density models using non-local damping.

Note for the dashed lines, _] = 10 4 g cm -2 which corre-

sponds to a gas optical depth of 7- _ 1.

Whereas the corresponding plots for Jupiter exhibited no

satellites close to the background temperature curve, the inner

Saturnian satellites now provide a very good fit to the bottom

dashed curve in Figure 7b (which includes the effects of non-

local damping), and Figure 7c (which includes both non-local

damping and gas drag). Though the fit in Figure 7b is tanta-

lizing, it is unlikely that the pressure gradient is sufficiently

small that the effects of gas drag can be ignored. Furthermore,

we expect the location of Mimas to be significantly altered

by the effects of planetary tides. A constant surface density

and constant temperature torque has gas drag because of the

non-zero pressure gradient at the midplane (due to the gradi-

ent in volume density). Therefore. we consider the constant

temperature fit of Figure 7c to be more satisfactory in that it

matches the positions of the outermost and most massive inner

satellites, for which our results are applicable. To produce this

plot the masses of the inner satellites were corrected in order

to take into account the effect of their variable density. The

reason for this is that the actual gas drag a satellite experiences

depends on its density as well as its size, while the model curve

for Figure 7c was calculated using a density of 1.5 gcm -3.

The corrected mass for the inner satellites is given in Table II.

These masses were obtained using

M_ = M_ (F_ + Fu) 2 (28)
(I'l + (p_/p_)2/3Fd)2'

where p; is the actual density of the satellite, to be consistent

with the surface density E and the satellitesimal density p_ of
the model curves. Since the Galilean satellites are not affected

by drag, their effective masses are very close to their actual

mass.
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Figure 7c: Inertial mass calculations for the Saturnian sys-

tem (Iapetus model) for p_ = 1.5 gcm -3 and for various

gas surface density models using non-local damping and ef-

fects due to gas drag. Note for the dashed lines, _ = 10 4

gcm -2 which corresponds to a gas optical depth of T _ 1.

The masses of Mimas, Enceladus, and Tethys have been cor-

rected to take into account their actual densities.

In order to interpret the cool, constant density fit as being

meaningful one has to consider whether this case can represent

the final location of the satellites. Because the satellites inside

Titan are icy, we expect that they formed at a temperature of

250 K. We can see from Figure 7 that for a given damping

model the 250K curve lies above the 90 K curve (a hotter sub-

nebula leads to a larger scale-height and a more pronounced

torque cutoff). Since the satellite migration timescales are

considerably faster than the planetary cooling timescales, this

may seem to indicate that these satellites should have moved in

further following their accretion, which would invalidate the

background temperature fit to their current locations. How-

ever, one must keep in mind that the wave damping mecha-
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nismwerelyon is more effective in the presence of strong

wave refraction (Lin and Papaloizou 1993). It is likely, then,

that a hotter disk would lead to stronger wave refraction and

shorter damping distances. In this regard, we point out that

the 250 K long dash curve falls well below the satellites in

the local-damping case (Figure 7a). Even though careful mod-

eling will have to be performed to verify this possibility, we

suggest that it is likely that these satellites continued migrating

inwards, albeit slowly, as the planet cooled. If so, their present

locations would correspond to the cool disk conditions at the

tail end of their evolution.

TABLE II

Adjusted Satellite Masses M_"

Satellite 3,I, AI_

(1026 g) (1026 g)

Saturn

Mimas 3.7 x 10 -4 3.4 × 10 -4

Enceladus 6.5 × 10 -4 5.9 × 10 -4

Tethys 6.1 x 10 -3 5.6 x 10 -a

Dione 0.011 0.011

Rhea 0.023 0.023

Uranus

Miranda 6.59 × 10 -4 6.3 × 10 -4

Ariel 0.0135 0.014

Umbriel 0.0117 0.0117

Titania 0.0353 0.0353

Oberon 0.0301 0.0301

It is important to note that tbr the inertial mass curve to

be strictly meaningful the satellites must be separated by a

distance that allows the waves to damp before they reach the

nearest neighbor. To see if this is the case, we compare the sep-
aration between the inner Saturnian satellites to the sum of the

distance between the maximum of F_ (the disk feedback term)

for the inner torques of an outer satellite and the outer torques

of its inner neighbor. The results are 2.7Rs for the Rhea-Dione

pair compared to an actual separation of 2.5Rs, and 1.6Rs

for the Dione-Tethys pair compared to an actual separation of

1.4Rs. it is also useful to write the separation of these moons

in terms of the average scale-height at their location given a

temperature of 90K. In units of the average scale-height the

separations are Mimas-Enceladus 3.8HME, Enceladus-Tethys

2.9HET, Tethys-Dione 3.0HTD, and Dione-Rhea 3.5HDn.

Hence the positions of the Saturnian inner moons are consistent

with our stalling mechanism.

It might be argued that such a mechanism can only pro-

duce a distance to mass relationship if the smaller moons form

further out than the larger moons in the first place. However,

this argument ignores the possibility that moons can "horse-

shoe" past each other as they seek an equilibrium location.

While the possibility of this happening may be less than 0.5,

it is certainly not negligible. Furthermore, two moons may

coalesce while the disk is hot, and find a combined equilib-
rium location when the disk cools. Nevertheless, a strict mass

to distance relationship is certainly not the only possible out-

come. For one thing, collisional events taking place after gas

dissipation may alter the positions of the moons. In general,

we would expect that this mechanism would tend to produce a

mass to distance correlation between moons with a significant

amount of scatter. As we shall see, this interpretation may be

consistent with the Uranian moons as well.

As shown by the corrected inviscid inertial mass crite-

rion, then, a nearly constant temperature profile allows midsize

satellites to stall and survive until gas dissipation. Furthermore,

because they formed later, these satellites might have avoided

heavy Roche-lobe bombardment (though evidence of bom-

bardment is clearly present). Such satellites would be made

mostly of water because only water was avail able to them when

they formed 105 - 106 years after Saturn's accretion.

6 Uranian Satellite System

Like the inner satellites of Saturn, the satellites of Uranus are

all well inside the centrifugal radius of the primary (see Figure

I). There is also evidence here of size sorting and even of

endogenic activity! The main difference with Saturn appears

to be that these satellites are considerably denser than the inner

Saturnian satellites. Only Miranda has density (1.2 g cm -3)

consistent with an icy body.

A "minimum mass" model (where the size of the disk is

determined by the location of the centrifugal radius at 57Ru)

puts the gas density at _ 104 g cm -2. Therefore, we expect

a cool, largely quiescent disk with unit optical depth as the
environment in which the Uranian satellites accreted. This is

very similar to the environment in which the inner Saturnian

satellites formed with the exception that in this case accretion

began immediately after formation of Uranus, with the full

complement of silicates in place (recall that the inner Saturnian

satellites were delayed until the region inside of 8Rs cooled

sufficiently for water condensation). The sole exception to

this argument appears to be Miranda, which may have formed

close enough to Uranus that water condensation required the

planet to cool down (here again the silicates may have been

lost in the interim). If this interpretation proves accurate, the

Uranian satellite system should be viewed as an analog of the

Saturnian, except that in the inner disk the initial gas density

was too low to produce a Titan-like object, and the gas density

in the outer disk also failed to form an Iapetus sized body

(though presumably there was an outer disk for Uranus as

well). Our model would explain the lack of a Callisto-lapetus

analog satellite outside the centrifugal radius of Uranus by

noting that for objects smaller than lapetus, gas drag dominates

over tidal torque. Hence, one would not expect such a small

object to be left stranded.

On the other hand, we interpret the lack of any Uranian

satellites close to the centrifugal radius in the inner disk as sug-

gestive of significant satellite migration inwards. To further

test this hypothesis we check to see whether the Uranian satel-

lites were expected to stall under the scenario described above.
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Here,asinthecaseofSaturn,planetarytidesareinsufficient
toexplainthemasstodistancerelationsincethetidesaretoo
weaktomoveobjectsthesizeoftheouterUraniansatellites
totheirpresentdistances.Evenassumingthatthedissipation
parameterforUranusislowenoughthatif onestartsMiranda
attheco-rotationradiusitwouldevolvetoitspresentposition
overthesolarsystemhistory,onlythepositionsofMiranda
andArielmaybeexplainedintermsofplanetarytides.The
difficultyliesnotonlyinexplainingthepositionsoftheother
satellites,butalsowhynosmallsatellitesarefoundfarfrom
theplanet.Giventhatthecentrifugalradiusdeterminesthe
sizeoftheinnergasdiskforUranus,aswehavesuggestedis
thegeneralcase,onealsoneedstoexplainwhythereareno
satellitesintheregionbetween57Rvand22Ru.Webelieve
thatthereasonforthisisthattheUraniansatellitesmigrated
significantdistancesbeforetheyfoundaradiusatwhichthe
feedbackreactionofthediskstalledtheirprogress.InFigure
8,weplottheinertialmassasafunctionofdistanceforanin-
viscidmodelinwhichthegassurfacedensityisheldconstant,
andthetemperatureis fixedatthebackgroundtemperature
ofthesolarnebulaatthepositionofUranusforadensityof
ps = 1.5 gcm -a. As we did for the inner Saturnian satellites,
the masses of the the Uranian satellites have been corrected

to take into account their actual density (see equation 28, and

Table II), which affects the amount of gas drag. This curve fits

the locations of the Uranian satellites fairly well. Here again,

Miranda's location is likely to have been significantly affected

by tides. On the other end, according to this criterion Oberon

is slightly too far out for its mass. Though the fit is clearly

not as good here as it was for the inner Saturnian satellites, we

believe it is significant. The more so because the parameters

used to obtain the fit are consistent with the scenario used for

Saturn and with a minimum mass subnebula.

It must be stressed that in this case the moons are not well

separated. Since the separation between Oberon and Titania on

the one hand and Umbriel and Ariel on the other is smaller than

the damping length for density waves, it would not be valid to

assume that each satellite only alters the gas surface density in

its own neighborhood. This blurs the meaning of the inertial

mass curve to some degree. We would interpret this result

to mean that, although slightly less massive than their close

neighbors, Oberon and Umbriel originated outside the orbits

of Titania and Ariel respectively. In such a situation it might be

possible to find a combined equilibrium location such that both

satellites change the surface density in their neighborhood.

Other possible outcomes include "horse-shoeing", such that the

outer, smaller satellite bypasses its inner neighbor and moves

inside its orbit (though the chances of this may be small they are

not negligible; see Paper 1), and resonant capture of the outer

body by the inner body (which may apply to 1o and Europa,

and perhaps Ariel and U mbriel [Tittemore and Wisdom 1988]).

it is also possible that the position of satellites was disrupted

by collisional events taking place after gas dissipation. Given

that several outcomes are possible, one might expect significant

scatter in the mass to distance plot. Nevertheless, we find the

evidence for such a correlation compelling.
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Figure 8: Inviscid inertial mass calculations for p_ : 1.5

gcm -3 for the [Iranian system for a constant temperature

and gas surface density model using non-local damping and

effects due to gas drag. Note that _ = 104 gcm -2 cor-

responds to gas optical depth of 7- _ 1. The masses of

Miranda, and Ariel have been corrected to take into account

their actual densities.

7 Conclusions

It is true, of course, that a very long list of caveats can be

assembled. However, for the sake of clarity and specificity

we have decided to use a consistent model for the regular

satellites of Jupiter, Saturn and Uranus. In setting values for the

disk properties and in looking for parallels among the various

"families" of objects, we have been guided above all by the

Hill radius of the primary. The model we have advanced in

this study can draw useful parallels between satellite systems.

Our model places special emphasis on three distinct locations

in the satellite systems. The size of the subnebula disk is

placed at _ RH/5 near the location of the innermost irregular

satellites of Jupiter and Saturn. Physically this size is tied to the

torque of the Sun on gas flowing from the Roche-lobe into the

disk. Closer in at _ RH/48 the gas density of disk becomes

sufficiently high to give rise to large satellites. This location

is set by the specific angular momentum of a parcel of gas

flowing into the disk. Closer still at ,-, RH/IO0 it is possible

to form and stall midsize satellites. For Saturn this radius is

determined by the location of water condensation following its

accretion. We believe it is essential to explain why it is that

at this location Jupiter's 1o is ice-free (p_ = 3.53 g cm-a),

Saturn's Rhea is mostly ice (p_ = 1.24 g cm-3), and Uranus'

Oberon is made of ice/rock (p_ = 1.63 g cm-3).
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Weinvestigateamodelforgiantplanetregularsatellite
formationinwhichthesatellitesaccreteinthepresenceof
denseinnergaseousdiskextendingouttotheplanet'scen-
trifugalradius,andfromanextended,lowdensitydiskouttoa
fractionoftheplanetaryHillradius.Weassumea"minimum
mass"modeltodeterminethemassoftheinnerdisk.Though
therearereasonswhysignificantdeviationsfromthismodel
arepossible,wefindthepredictionsofsuchamode[infair
accordwiththeobservations,withthepossibleexceptionthat
thegasdensitymaybeabithighforthesatellitestostallatthe
endoftheiraccretion,evenallowingforturbulentremovalof
gasasthesatellitesform,solongasthedampingofpressure
wavesisnon-local.Henceweareledtoconsiderenhanced
concentrationofsolidsbyafactor3- 4(whichmaybeenough
toallowsatellitestosurvive).

Givenoursubnebulaparameters,weshowthatwhileproto-
satellitesmigratedmostlyinwards,it ispossibleforsizeable
objectslocatedinalimitedrangeofradiioutsidethecentrifugal
radiustomigrateoutwardsduetothegastidaltorque.While
thesizeofthisregionissomewhatdependentonthesizeofthe
transitionregionbetweentheinnerandouterdisks,Saturn's
ismoreextended(outto,_ 3r_) compared to Jupiter's (out

to --_ 2r[) mostly because of Saturn's less massive outer disk

and larger Hill radius. Such a region of outward evolution may

explain how one can form and then strand satellites as far from

the planet as Callisto and Iapetus are found to be.

Survival timescales for satellites in an optically thick giant

planet subnebula may be short compared to the lifetime of the

subnebula. It might be hoped that satellites would open a gap in

the subnebula, but satellites whose Hill spheres are smaller than

the scale-height of the subnebula H may not open a gap (Lin

and Papaloizou 1993). Because objects can open a gap several

times their Roche-lobes, we view the above condition as a

loose criterion. Even so, only Ganymede and Titan may have

been sufficiently massive to satisfy this constraint. If so, their

present locations may reflect the position of the embryos that

led to their formation. We would expect nearly all other objects

to have undergone significant migration over their history.

To make progress we need to characterize the viscosity

properties of the subnebula. As in discussed in Paper I, we

expect regions of the disk with temperature close to the back-

ground temperature of the nebula at the location of the primary

should be nearly quiescent, with low gas viscosity and long

evolution times. Because the inner disk of the giant planets (ex-

cept perhaps Uranus) is non-isothermal both radially and ver-

tically, weak turbulence (a _ 10 -5 - 10 -6) is expected there

for as long as the gas remains optically thick (with E > 104 g

cm -2) given gas opacity only. This assumes that micron-sized

dust coagulates quickly and that the equilibrium surface den-

sity of such dust gives a dust opacity < 1 everywhere in the

disk, at least after satellite accretion has taken place (see Paper

I). However, the possibility cannot be ruled out that close to

the planet hypervelocity impacts keep the dust opacity high.

If so, close to the planet, where dust production is high and

the temperature gradient strong, it may be possible to maintain

gas turbulence long enough for viscosity to dissipate the inner

gas disk on a timescale 104 - 105 years, similar to the orbital

decay time of Saturn's midsize inner satellites 200 - 700 km

(Titan has an orbital decay timescale _ 100 years due to the

tidal torque, while lapetus has an orbital decay time in excess

of 106 years); thus, these midsize satellites may have been left

stranded, with the smaller satellites perhaps closer to the planet

due to their shorter migration times (although, because in this

size range the orbital decay time may not be a monotonic func-

tion of size, it is unclear if this mechanism can account for the

observed mass versus distance distribution of object). While

possible, such a mechanism depends on fine tuning unknown

parameters. We look instead for a more general mechanism

that does not rely on dust opacity to keep the gas disk optically

thick. Nevertheless, we allow for the possibility that not all

regular satellites survived for the same reason.

For a satellite to survive in the absence of turbulence

the timescale of satellite migration must be longer than the

timescale for gas dissipation due to photodissociation or solar

wind in -,_ 107 years. For large satellites _ 1000 km migra-

tion is dominated by the gas torque. We derive a new inertial

mass criterion and find that the feedback reaction of the gas

disk caused by the redistribution of gas surface density around

satellites with masses larger than the inertial mass (Ward 1997)

can cause a large drop in the drift velocity of such objects,

thus making it possible that satellites will be left stranded fol-

lowing gas dissipation. Unlike viscous damping and radial

non-linear shock dissipation, vertical wave refraction in the

optically thick subnebula and non-linear dissipation at the disk

surface (Lin and Papaloizou 1993) may satisfy this require-

ment. As a simple prescription, we damp the pressure wave a

distance xaamp = rL/m from the location from which it was

launched. This satisfies the model requirement that the angular

momentum the satellite transfers at resonance locations with

wavenumber m ,,_ r/H be deposited in a lengthscale _ H,

where most of the torque is exerted. We modify the inertial

mass criterion of Ward (1997) in the inviscid limit to include

both gas drag, and m-dependent non-local deposition of angu-

lar momentum. We use this model to explain the survival of

satellites, the mass versus distance relationship apparent in the

Saturnian and Uranian satellite systems, and the observation

that the inner Saturnian satellites are icy whereas the inner Jo-

vian satellites are rocky. In particular, we argue that planetary

tides cannot be responsible for the observed mass to distance

relationship of the inner satellites of Saturn and Uranus. The

challenge ties not only in explaining the present location of

these satellites, but also why there are no small satellites far

from the planet. That is, while planetary tides may explain

why Mimas, Miranda, and Ariel are not located closer to the

planet this mechanism cannot explain why these satellites are

not found further out than they are observed to be.

A picture emerges from our model in which some satellites

completed their accretion as the subnebula gas optical depth

approached unity, while others began their formation in such an

environment. This may not be acoincidence to the extent that a

much thicker disk may lead to turbulence which keeps the disk

warm and prevents condensation. This is significant because

when optical depth ,_ 1 is reached, the turbulence in the disk
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shoulddiedownsignificantly,supportingourassumptionthat
satelliteswillstallwhentheirmassapproachestheinviscid

inertial mass. Because the inertial mass increases with radial

location, even in the case of an optically thick inner disk with

a strong temperature gradient and decreasing surface density,

we show it is possible for a large object like Ganymede to stall

in the outer portion of the inner disk while a smaller one like

Io continues to evolve inward until it stalls closer to the planet.

At least in the case of Jupiter, in order for this to happen

our model appears to require that the subnebula turbulence

remove a significant amount of gas on the timescale of satellite

accretion (possibly even if an increased solid concentration is

favored). On the other hand, it is also possible that wave

damping may have been more effective in Jupiter's disk due

to the higher optical depth and stronger temperature gradient.

If so, the local damping inertial mass curves may be more

applicable to Jupiter's satellite system than to that of Saturn.

In this model, the initial gas surface density and the strength

of the turbulence are both critical parameters. Though Saturn

probably started with _ 3.7 times less gas in the inner disk

that Jupiter, its weaker temperature gradient may mean that the

subnebula turbulence was weaker. Thus, in Saturn's case, we

argue that either the gas density remained too high for too long

to allow rocky satellites inside of Titan to stall and survive,

or its satellite embryos formed too slowly to survive bom-

bardment deep in the planetary potential well (though other

scenarios, such as a stronger disk feedback reaction in the case

of Jupiter, are also possible). Both of these scenarios benefit

from the smaller embryo sizes characteristic of Saturn's gas
disk.

However, not all the material inside of Titan was lost to

the planet. Regions of the disk inside of Rhea initially had a

temperature > 250 K, which prevented water condensation.

We expect that by the end of Titan's accretion, the inner disk

gas density approached the optically thin value. As the planet

cooled, the water began to condense in those regions whose

initial temperature was previously too high. At that time, the

subnebula had already lost most of its silicates by gas drag.

Thus, the satellites inside of Titan were formed mostly out of

water. We show that when non-local wave damping and gas

drag are included, the modified inviscid inertial masses provide

a very good fit for the masses of these satellites as a function of

position (except that of Mimas and Enceladus whose positions

may have been affected by tides or hypervelocity collisions)

for a constant density, optically thin disk E _ 10 a g cm-2 with

constant temperature _ 90 K. This may indicate that although

these satellites formed in a warmer environment (,--, 250 K)

they continued to slowly migrate inwards as the planet cooled.

if so, the present positions of these satellites would reflect

their resting place after the planet cooled. For this model to

be consistent it requires that the pressure waves damp less

efficiently as the planet cools.

A nearly constant temperature and constant surface density

model turns out to be important because such a model produces

a much steeper slope in the inertial mass versus distance curves.

The reason for this is that in the constant temperature case the

back-reaction of the disk to the presence of a satellite increases

closer to the planet as the decrease in the scale-height of the

subnebula allows a greater number of resonances to contribute

to the tidal torque. Since the inertial mass is proportional to

the surface density, a constant surface density also contributes

to make the slope steeper. Given the locations of midsized

satellites in Saturn, we expect that the feedback reaction of its

inner disk allows such satellites to stall and survive long enough

for gas dissipation to take place. On the other hand, Jupiter

may not have such satellites because it may not have cooled

fast enough to allow for this possibility. It is also possible

(though probably unlikely) that the turbulence works in such

a way as to remove more gas close to the planet, eventually

leading to a disk with zero radial pressure gradient and no gas

drag (which would tend to favor survival of small objects close

to the planet).

Though subject to significant theoretical uncertainty, the

wave damping length we have used is consistent with the sep-

aration of the inner satellites of Saturn, such that each satellite

is surrounded by its own gas disk reshaped in such a way as to

produce a feedback reaction that opposes its inward migration.

It might be argued that such a mechanism can only produce a

distance to mass relationship if the smaller moons form further

out than the larger moons in the first place. However, there

are several possible mechanisms that can re-order the moons,

such as "horse-shoeing", such that the outer, smaller satellites

moves past its inner neighbor, and coalescing of two moons

when the disk is still hot followed by relocation when the disk

cools. Clearly, though, given our general scenario there are

several possible outcomes and a strict mass versus distance

relationship may be unlikely. For one thing, collisional events

taking place after gas dissipation may alter the positions of the

moons. Other possible outcomes may include resonant cap-

ture of the outer moon by the inner, larger moon, and combined

equilibrium locations for paired moons (outcomes which we

speculate may correspond to the satellite system's of Jupiter

and Uranus respectively). Instead, one might be led to expect

a significant amount of scatter in a satellite mass versus dis-

tance plot. Even so, we find the evidence for a mass versus

distance correlation of the moons of Saturn and Uranus to be

compelling.

Finally, we extend this model to the satellites of Uranus.

Though for Uranus the mass of the outer or inner disks may

not have been enough to form a Titan or an Iapetus, we find

significant similarities between the Uranian satellite system

and the Saturnian inner satellites. Our model has both these

sets of satellites forming in a cold subnebula with gas opti-

cal depth of order unity. In the case of Uranus, a constant

density _ 104 g cm -2 with constant temperature of _ 68 K

inviscid inertial mass model provides a fair fit to the masses

of the Uranian satellites as a function of position. However,

the main difference with Saturn seems to be that the Uranian

satellites have their full complement of silicates in place. This

is likely to mean that whereas the Saturnian inner satellites

began to form only after the inner disk became cool enough

for water condensation, the Uranian satellites began to accrete

immediately following planetary accretion (with the possible
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exceptionof Miranda).

We believe that our model manages to incorporate the

regular satellites of Jupiter, Saturn and Uranus into the same

general scheme. Our model accounts for the wide variation in
the distance in Hill radii of the outermost satellite of the three

giant planets in a systematic fashion (Oberon is at ,,-, 0.4r tr,

lapetus is at _ 3r_, Callisto is at _ 2r J ). In the case of Jupiter

and Saturn it does so by the outer location of zero tidal torque.

Ultimately, the angular momentum in Callisto and lapetus

comes from the torque of the Sun on the gas that flows into

the giant planet from its Roche-lobe. For Uranus, the resulting

object would be too small for the tidal torque to dominate

gas drag, so one would not expect a regular satellite to be

left stranded outside the centrifugal radius (this jibes with the

presence of Caliban and Stephano, inclined, irregular satellites,

at _ Rn/10). Inside the centrifugal radius, our model for the

formation of the large, regular satellites indicates that Saturn's

satellite system should be viewed as bridging the gap between

those of Jupiter and Uranus by combining the formation of

a Galilean-sized satellite in an optically thick subnebula with

a strong temperature gradient, and the formation of smaller,

regular satellites, closer in to the planet, in a cool and nearly

constant temperature disk with gas optical depth of order unity.

A moderate 3 - 4 increase in the concentration of solids

in the subnebula disks relative to solar mixtures (as one may

expect from the high-Z content of their parent planets) may i m-

prove the chances of satellite survival by decreasing the amount

of gas present and allowing for stronger post-accretion gas tur-

bulence for a given temperature profile, lengthen the timescale

of formation for Callisto (with smaller embryo sizes), as well

as speed up disk cooling after planetary accretion.
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